Age-related white matter hyperintensities (WMH) are a manifestation of white matter damage seen on magnetic resonance imaging (MRI). They are related to vascular risk factors and cognitive impairment. This study investigated the cognitive profile at different stages of WMH in a large community-dwelling sample; 849 subjects aged 21 to 79 years were classified on the 4-stage Fazekas scale according to hyperintense lesions seen on individual T2-weighted fluid-attenuated inversion recovery MRI scans. The evaluation of cognitive functioning included seven domains of cognitive performance and five domains of subjective impairment, as proposed by the DSM-5. For the first time, the impact of age-related WMH on Theory of Mind was investigated. Differences between Fazekas groups were analyzed non-parametrically and effect sizes were computed. Effect sizes revealed a slight overall cognitive decline in Fazekas groups 1 and 2 relative to healthy subjects. Fazekas group 3 presented substantial decline in social cognition, attention and memory, although characterized by a high inter-individual variability. WMH groups reported subjective cognitive decline. We demonstrate that extensive WMH are associated with specific impairment in attention, memory, social cognition, and subjective cognitive performance. The detailed neuropsychological characterization of WMH offers new therapeutic possibilities for those affected by vascular cognitive decline.
Introduction
Aging-related structural and functional brain changes are crucial determinants of individual health, behavior, and cognition in later life. [1] [2] [3] Besides grey matter atrophy, white matter changes are a frequent finding among the elderly that can affect cognitive functioning. White matter hyperintensities (WMH) are the main manifestation of white matter changes. They are investigated with T2-weighted fluid-attenuated inversion recovery (FLAIR) magnetic resonance imaging (MRI). Although the etiology is not entirely known, small vessel disease is considered the main mechanism behind age-related WMH. 4 It reduces myelination and leads to gliosis and axonal damage due to thickened vessel walls and narrowing of the lumen.
Vascular risk factors such as hypertension, diabetes mellitus, cholesterol, smoking, and increased homocysteine levels are crucial for WMH development. 4, [6] [7] [8] The prevalence of WMH increases exponentially with age. 9 In the general population, 11-21% of adults in their mid-60s, 10 and more than 90% of the healthy elderly older than 80 years are affected. [10] [11] [12] [13] WMH vary highly in their degree and location across individuals, ranging from small punctate lesions to extensive damage in the deep or periventricular white matter. 5 Although WMH are associated with an increased risk of stroke, cognitive dysfunction, incident dementia, and death, 10 'an up-to-date, domain-specific quantification of the effect of WMHs on cognition in the normal population is unavailable' (see Kloppenborg et al., 12 p. 2127). This may be due to a variety of WMH classification scales and the diversity of applied neuropsychological measures. Yet, the cognitive profile of age-related WMH may be characterized by global functional decline on the one hand 10 or domain-specific impairment on the other. The latter has previously been described as frontal lobe syndrome with a predominant impairment in processing speed and executive functioning, 1, 5, 6 ,10,12,14-17 while memory was not consistently affected. 5, 10, 12, 15, 18, 19 In their metaanalysis, Kloppenborg et al. 12 showed that the WMHassociated memory decline was small but robust. Although processing speed and executive functions are predominantly affected as disease progresses, 12 WMH seem to cause a more complex deficit-pattern.
Recently, the Diagnostic and Statistical Manual of Mental Disorders 5th edition (DSM-5 20 ) re-defined the dementia concept by introducing neurocognitive disorder (NCD) as new term for acquired cognitive dysfunction. The NCD diagnostic procedure requires the domain-specific evaluation of cognitive performance based on the integration of multiple neuropsychological measures. Thus, the DSM-5 shifts the focus from the (Alzheimer-centristic) assessment of memory (dys-) function towards an integrative approach additionally covering complex attention, executive functions, language, visuospatial skills, and social cognition. Following these guidelines, language and visuospatial skills have been omitted in the context of WMH. Moreover, social cognition has been rarely investigated in this context, although it is essential for social interactions, 21 and several mental conditions and neurodegenerative diseases present social cognitive deficits. [22] [23] [24] [25] One major component of social cognition is 'Theory of Mind' (ToM). ToM is described as the ability to identify mental states of oneself and others. 26 This information can be used to predict another person's future behavior, and to react and interact adequately. The consequences of white matter changes have been explored specifically in individuals with ToM deficits, e.g. autism 27 or schizophrenia, [28] [29] [30] but also in normal adults 31, 32 using different brain connectivity measures derived with MRI. Studies analyzing white matter lesion volume in the context of ToM are scarce and no relation was found in an elderly cohort, 32 or in a cohort of multiple sclerosis patients. 33 In the current study, ToM was assessed with the 'Reading the Mind in the Eyes' Test (RMET). 34, 35 This test is frequently applied in research and clinical practice and it has been shown to reliably detect ToM deficits (e.g. in autism 34 ). The RMET captures the ability to attribute mental states from eye gaze. Previous studies consistently reported a decline in RMET performance with aging, [36] [37] [38] but it has never been related to white matter damage before. Thus, this is the first study investigating RMET performance in the context of agerelated WMH.
The DSM-5 diagnostic criteria further include the assessment of subjective cognitive complaints, as they mark subsequent cognitive deficits and conversion to dementia. 39 Subjective cognitive failures are frequent among individuals with WMH. 40 They are predictive of global cognitive deficits within 12 months 41 and increase the risk of conversion to dementia. 42 However, most studies assessed only global markers of cognition, [41] [42] [43] or focused on single domains (e.g. memory complaints) for subjective impairment rating. 40, 44 In this study, we apply the DSM-5 criteria for the diagnosis of NCD to investigate domain-specific cognitive performance and subjective complaints associated with different stages of WMH. Besides attention, executive function and memory, the previously neglected domains language and visuoconstruction are investigated. Moreover, a special focus lies on social cognitive abilities that have been rarely explored in the context of WMH.
WMHs were assessed on the well-known Fazekas scale in FLAIR images ( Figure 1 ) as this reliable scale is broadly applied in clinical routine in contrast to new quantitative algorithms. A very large population-based cohort was investigated, including 849 persons with a broad age range from 21 to 79 years. Based on previous findings, we expected attention, executive and memory performance to be negatively associated with WMH burden. Also, subjective complaints were assumed to be more frequent in individuals with extensive WMH.
Materials and methods Participants
The current study is part of the population-based LIFE-adult study at the University of Leipzig, Germany. 45 The total sample comprised 10,000 Quantification of white matter hyperintensities T2-weighted FLAIR MRI scans (3 Tesla, repetition time 5000 ms, inversion time 1800 ms, echo time 395 ms, 1 mm isotropic resolution, acquisition time 7.02 min) were used for the classification of cerebral white matter lesions. The amount of WMH was quantified on the four-stage Fazekas scale. 46 Three experienced neuroradiologists, blinded to the individual diagnosis, rated the T2 FLAIR MRI scans of all individuals. Raters were trained for rating WMH with this scale in clinical routine. MRI scans were randomly assigned to the three raters. The Fazekas scale ranges from zero to three and the value reflects the overall burden of cerebral WMH. Figure 1 illustrates the stages on this scale with MRI examples. Here, we concentrate on the conservative visual rating of WMH using the Fazekas scale, as this is the most frequently applied method in everyday clinical practice. The application is quick and easy, and the amount of WMH can be reliably quantified. 5, 12, [47] [48] [49] 
Neuropsychological assessment
Cognitive performance was assessed with a set of standard neuropsychological tests. The detailed assessment procedure is described elsewhere. 45 In the current study, the results of the Stroop Test, the Reading the Mind in the Eyes Test (RMET) and the extended version of the Consortium to Establish a Registry of Alzheimer's Disease (CERADplus) test battery were analyzed. Data were carefully checked for missing values and plausibility.
We applied the cognitive domains and neuropsychological measures proposed by the DSM-5 20 for the investigation of cognitive performance and subjective cognitive complaints. to cognitive domains. 50, 51 We expanded the DSM-5 dimensional approach by verbal fluency (phonematic fluency, semantic fluency) because verbal fluency tasks require more abilities than solely language. 52, 53 Furthermore, it is supposed to be an independent marker of cognitive decline. 54 Subtest results were translated into scores informative of cognitive performance. Thus, individual test scores were z-standardized (M ¼ 0, SD ¼ 1) to the mean of the corresponding age group (<65, 65-69, 70-74, 75 þ years; Table S2 ). Cognitive tests were agestandardized within the study sample, as standard scores are not published for all measures, i.e. the RMET and the 'Stroop Test'. Furthermore, the CERADplus neuropsychological battery is not standardized for individuals younger than 49 years ('basic tests') and 55 years ('plus tests'), and, importantly, our study sample is larger than the official CERAD standardization sample for the 'plus tests'. Correlation analyses revealed no relation between age and performance in cognitive subtests within the age group younger than 65 years for most tests, justifying this broadly defined age group. Only the time to complete TMT A (r ¼ .394, p < 0.001) and Stroop test neutral (r ¼ .441, p < 0.001) were related to age. Overall, standardization within our sample not only grants the homogeneity of the measures' analyses, but also relies on large sample sizes appropriate for standardization.
Standard scores pertaining to identical cognitive domains were then averaged to seven composite scores reflecting domain-specific cognitive performance (see van Boxtel et al. 53 ). Composite scores were only computed if all measures of the respective domain were available. Scores of attention, executive function and verbal fluency were computed for 99% of the sample. Due to the design of the LIFE-adult study, focusing on in-depth phenotyping of the cohort aged 60 years and older, performance scores for memory, social cognition, language, and visuoconstruction were available for fewer participants with Fazekas 0. Yet, the number of Fazekas 0 individuals exceeds 100 subjects per domain. Table S1 provides detailed information about the number of individuals per Fazekas group that have been included in the analyses.
The inter-dependency between cognitive tasks has been widely discussed. The contribution of executive functions on ToM was of special interest. 31, [55] [56] [57] We investigated the inter-dependencies between cognitive scores with partial correlations in the whole sample (Table S3) , corrected for the effects of age, sex, education, and Fazekas score. No significant relation between social cognition and executive function was found, being in line with other studies. 31 However, the used ToM task depends highly on verbal skills, as reflected in the significant association with language, verbal fluency and verbal memory in our study. Also, attention as a basic cognitive ability is related to ToM performance. Although this inter-relatedness of cognitive domain scores might generally be considered by including them as covariates in the statistical analyses, the application of non-parametric statistics makes the inclusion of covariates difficult and we abstained from a statistical adjustment of other cognitive abilities.
Subjective cognitive complaints were assessed with the 20-item Dysexecutive questionnaire (DEX) of the behavioral assessment of the dysexecutive syndrome 58 battery. Each item captures the frequency (range: 1 ¼ never; 5 ¼ very often) of a certain event. As the factorial structure of the DEX has been controversially discussed, and there is no straightforward evidence for a universal factorial structure, 59 items were categorized to five domains based on their content: attention (items 10, 18), executive function (items 2, 4, 5, 7, 8, 12, 14, 15, 16, 19) , memory (items 3, 6), language (item 1), and social cognition (items 9, 11, 13, 17, 20) to capture domain-specific subjective impairment. The values of all items assigned to a domain were summed and subsequently age-standardized (M ¼ 0, SD ¼ 1) to the mean of the corresponding age group (<65, 65-69, 70-74, 75 þ years; Table S2 ). Individual domain scores were calculated for all individuals with full DEX information. Table S1 provides information about the number of individuals per Fazekas group.
Statistical analyses
Firstly, we tested potential differences between the four WMH groups on age, education and sex. Agedifferences between groups were tested with a univariate ANOVA and differences between each pair of Fazekas groups were further tested with separate independent sample Student's t-tests. To control for multiple comparisons, the alpha level was Bonferroniadjusted to p < 0.008 (six tests conducted). In case of non-equal variances (as tested with Levene's test), adjusted degrees of freedom are reported. Separate Chi-square statistics tested differences in ratios of sex, education, diabetes and hypercholesterolemia according to medical history, and arterial hypertension (as defined by the diagnostic guidelines of the European Society of Hypertension and of the European Society of Cardiology 60 ) between Fazekas groups. Differences between the four Fazekas groups in domain-specific measures of (1) objective cognitive performance (seven scores) and (2) subjective cognitive complaints (five scores) were investigated with the nonparametric rank-sum test with data-alignment (p < 0.05; see Bortz et al., 61 p. 239). Nonparametric statistics were applied due to (a) differing numbers of individuals between Fazekas groups, and (b) distribution characteristics of the outcome variables did not fulfill the requirements for parametric testing. Since the individual subtest scores and cognitive domain scores have been adjusted for the effects of age in a previous step, data were aligned for the effects of sex and education and their interaction with the Fazekas score, and corrected for identical ranks (see Bortz et al., 61 p. 231 and Schaich and Hamerle 63 ). Significant differences were further examined using the single comparison algorithm proposed by Schaich and Hamerle (see Bortz et al., 61 p. 233 and Durlak 64 ). For each of the seven cognitive performance scores, and each of the five subjective complaints scores, six post hoc comparisons were conducted to test differences between each pair of Fazekas groups. To control for multiple comparisons, the Bonferroni corrected significance level was, accordingly, set to p < 0.008 (p ¼ 0.005/6).
Effect size measures inform about the magnitude and direction of the difference between two groups or variables, and thus provide valuable information about the relevance of an effect beyond the p-value of statistical tests. 64 Here, we computed Hedges g* and respective 95%-confidence intervals for each cognitive score as a standardized mean difference between healthy individuals (Fazekas 0) and individuals at different Fazekas stages (see Durlak, 64 p. 927 (1)). Fazekas group 0 was defined as reference group, while any other Fazekas group served as 'experimental' group. A negative effect size indicates worse performance for these groups compared to Fazekas 0. Hedges g* is the measure of choice for effect size analysis of samples with different numbers of individuals. As standardized measure, effect sizes can be directly compared in magnitude and direction. Statistical analyses were performed using IBM SPSS Statistics for Windows. 65 All graphs were created using Microsoft Excel 66 and Adobe Illustrator CS5. 67 Table 1 illustrates the epidemiological and clinical characteristics of the cohort; 43.3% of the sample were free of age-related WMH as rated in FLAIR MRI scans (Fazekas 0), whereas WMH were detected in the larger proportion of the sample. In 43.8% only focal lesions (Fazekas 1) were found, while 11% displayed early confluent WMH (Fazkeas 2); 1.9% of the sample was diagnosed with severe and widespread changes in white matter (Fazekas 3).
Results

Epidemiological and clinical characteristics
As expected, age was strongly associated with WMH burden. Healthy individuals (Fazekas 0 Table 1 ), which was not the case for hypercholesterolemia (Chisquare tests). Note that data were adjusted for the effects of age, sex and education in the following analyses to control for a potential bias.
Objective cognitive performance
Performance in cognitive tests and results of the statistical analyses and post hoc comparisons are illustrated in Figure 2 and (Figure 2(b) Figure 3 gives an extensive formal overview about the domain-specific effect sizes and respective 95% confidence intervals for each group, Figure 4 illustrates the cognitive profile at distinct stages of white matter damage. Effect sizes can be classified as small ( W 0.4W ), medium (W 0.4W -W 0.8W ), and large (!W 0.8W ). Figures 3 and 4 illustrate that differences in cognitive outcomes become more substantial with larger WMH burden. The cognitive profile of persons with low lesion WMH burden (Fazekas 1) differs only slightly from healthy individuals (Figure 4(a) ). Negative Hedges g* values indicate a performance decrease. The effect can be interpreted as small, ranging from À0.15 (fluency) to 0.03 (social cognition, visuoconstruction). At the stage of moderate WMH (Fazekas 2), performance on all cognitive domains Figure 2 . Effects of WMH on (a) seven domains of objective cognitive performance and (b) five domains of subjective cognitive complaints covering the whole cognitive spectrum. The graphs depict domain-specific means and standard mean errors of the agestandardized cognitive scores for each of the four Fazekas groups. P-values indicate the main effect of Fazekas score on the respective cognitive domain. The significant main effect of the factor group is marked as follows: ***p < 0.001, **p < 0.01, þ p ¼ 0.05. The color code for each Fazekas group is displayed in Figure 1 . 
Individual cognitive profile of the Fazekas 3 group
To evaluate the relevance of cognitive deficits associated with Fazekas score 3 on an individual level, we conducted a detailed analysis here. Results are illustrated in Figure 5 and Table S4 . While the Fazekas 3 group showed severe cognitive impairment on specific domains compared to persons without WMH on a group level, the examination of the individual cognitive profiles revealed a broad variability in cognitive (dys-)functioning ( Figure 5(a) ). The clinical categorization of the Fazekas 3 group according to the diagnostic criteria for mild and major NCD 20 showed that 7 out of 16 individuals (44%) presented normal cognition, as no domain had a score below À1 SD. Six individuals were classified with mild NCD (one or more domain scores <À1 SD and >À2 SD), and three had major NCD (one or more domain scores <À2 SD). Interestingly, no person presented executive dysfunctions, deficits in memory, language, or fluency as severe as major NCD ( Figure 5(b) ). Attention was the cognitive domain most consistently affected in our Fazekas 3 sample: only 11 out of 16 persons performed normal. Social cognition was the second most affected domain. Interestingly, only two persons had mild deficits in memory that were, however, non-exclusive, as they came along with an impairment in attention.
Subjective cognitive complaints
Results for cognitive complaints are illustrated in Figure 2 (b) and Figure 4 (b) shows that the effect size profiles of persons with small (Fazekas 1; range À0.04 to 0.07) and moderate WMH burden (Fazekas 2; range À0.13 to 0.06) largely overlap. In both cases, small effect sizes obtained for all domains indicate low levels of subjective deterioration. The effect size profile of Fazekas 3 shows a general increase of subjective complaints compared to the other groups (range À0.44 to À0.26). The only exception is language. Relative to healthy individuals, persons with Fazekas grade 1 and 2 reported language impairment more often than persons at Fazekas stage 3. Effect sizes for subjective decline (Figures 3(b) and 4(b)) are generally smaller compared to objective impairment (Figures 3(a) and 4(a) ). 
Discussion
Here, we investigated the complete cognitive profile of WMH applying the most up-to-date criteria published by the DSM-5 20 in 849 participants aged 21 to 79 years. This not only includes domain-specific objective cognitive performance, but also subjective cognitive complaints. The investigation of the effects of age-related WMH on social cognitive abilities in this large cohort study is of special interest. WMHs were assessed in FLAIR images with the Fazekas scale. As this wellvalidated assessment tool is broadly applied in clinical routine in contrast to new quantitative algorithms, we enable a translation of our results into clinical practice.
The overall neuropsychological profile suggests a decline in cognitive performance as a function of WMH burden, which becomes evident at progressed stages of white matter damage (starting from Fazekas score 2). Thus, our results are well in line with previous findings. 12 Effect sizes are especially important for inferring clinical relevance as they provide valuable information about actual performance differences. When comparing the performance of Fazekas groups 1 and 2 relative to healthy individuals, small and predominantly negative effect sizes for all cognitive domains indicate only a slight performance deficit which barely differs from normal cognition. There is a general tendency towards a decrease in global cognitive functioning that goes along with moderate white matter changes (Fazekas 2), but without specific impairment of single cognitive functions. Compared to healthy individuals, the pattern of deterioration is more specific at severe stages of white matter damage (Fazekas 3), in particular for attention, memory and social cognition. These results speak in favor for a late impact of white matter lesions on specific cognitive functions, while small and moderate white matter changes are functionally less relevant. 18 Our results also correspond to pathological mechanisms of small vessel disease. In the initial stages, lesions affect only small proportions of white matter and most neural structures remain intact. Intra-and inter-neural communication is less efficient, but functions are still preserved. 5 Additionally, neural plasticity may be a crucial factor for the delay of functional consequences. As the neural tissue adjacent to the lesion is highly vulnerable to subsequent spread of injury, 19 it may be primarily affected by morphological and structural changes. Later, alterations in neural signal transmission and metabolic functions impact subcortical networks and cortical connections critical to higher-order cognition, causing functional consequences. 9 Functional networks engaged in attention, memory and social cognition may be mainly affected by WMH, as Fazekas 3 individuals presented major cognitive decline. Remarkably, the expected decline in executive functioning in our study was only of minor importance in contrast to deficits in attention and memory. 12 This may be due to the nature of executive functions to be a broad construct assessed with a wide range of tests. Here, we focused on executive measures per se by assessing task-switching, flexibility and inhibition of automatic responses. Overall, results indicate a trend towards a functional decline in these subcomponents at progressed stages of WMH, but their association may be less strong than previously assumed. 12 Most interestingly, our study adds information on the consequences of WMH on domains that have been underrepresented or even never investigated in recent publications: language, visuoconstruction, and social cognition. Here, the association between extensive WMH (Fazekas 3) and a functional loss in social cognitive abilities is of decisive interest. In this study, we assessed ToM, a specific aspect of social cognition crucial for the identification of mental states, knowledge and beliefs of another person. In a previous study, a lower RMET accuracy was related to an agerelated decline in the structural integrity of white matter bundles inter-connecting cortical brain areas. 31 As studies analyzing white matter lesion volume in the context of ToM are rare, 32, 33 this is the first study showing that extensive, age-associated white matter damage as measured with the Fazekas scale is functionally related to ToM deficits. We assume that progression of small vessel pathology, as discussed above, finally also disrupts connections between cortical areas commonly involved in ToM tasks. 21 A closer inspection of the individual neuropsychological profiles of the Fazekas 3 group adds a new perspective on white matter-associated cognitive deficits. Although this group generally presents large WMH burden, 7 out of 16 individuals can be classified as cognitively normal according to the DSM-5 classification criteria. 20 In total, only three persons presented cognitive deficits as severe as major NCD, comparable to vascular dementia. These results demonstrate the high interindividual variability of cognitive consequences of WMH, as most Fazekas 3 individuals were either un-or only minimally affected by these structural brain changes, supporting the concept of an effective coping with cognitive deficits. Not only individual lifestyle factors, such as cognitive and social resources, sports and nutrition may contribute to the cognitive outcome but also lesion location and a genetic predisposition may be crucial factors in this relation. Consequently, these results highlight the necessity of tailored clinical diagnostics and therapy in the framework of personalized medicine. Of note, results of the individualized analysis support the assumption that cognitive profiles differ between small vessel and Alzheimer's disease (see further discussion in the limitations section).
Not surprisingly, the profile of subjective cognitive impairment points in the same direction like objective cognitive impairment, as larger WMH burden is associated with more cognitive complaint. Individuals with mild and moderate WMH rarely experience cognitive impairment and don't report cognitive complaint, while persons with severe lesions suffer from substantial cognitive decline. They are frequently confronted with cognitive deficits in everyday life, and report more cognitive incidents. The effect sizes of subjective impairment are generally lower compared to objective performance and can be classified as medium-sized. The discrepancy between objective and subjective cognitive performance may come from the ability to cope with cognitive deficits in daily life. Coping enables individuals to manage their everyday activities and thus, they feel less affected by cognitive deficits. Alternatively, this finding may indicate problems to integrate cognitive deficits in the individual self-concept, leading to denial or unawareness of functional loss, or desirable response behavior in persons with high WMH burden. This may then be a behavioral consequence of WMH-associated cognitive decline.
Study limitations
Although this study was carefully conducted, some critical remarks must be mentioned. The effects of WMH on cognition were investigated with a cross-sectional design, limiting inference on cause-effect associations. Furthermore, quantification of WMH may be interpreted as conservative approach, as WMH can potentially be extracted with the help of (semi-) automated computer algorithms, and no spatial information about the lesion was considered. Although location information may be relevant in the context of WMH-associated cognitive deficits, 4, 6, 12, 15, 18 our method was guided by common practice in clinical settings, where the usage of WMH rating scales is the method of choice rather the application of extraction algorithms. Thus, we followed this clinical approach to investigate the relation between global WMH burden and the cognitive profile as defined in the DSM-5. We used the Fazekas scale, as WMH classification is simple, reliable and highly correlated with volumetric measures of WMH. 5, 12, [47] [48] [49] Compared to WMH volume, ceiling effects of the Fazekas scale may limit definite conclusions about the association of WMH and cognition. 47 The results of the actual study shall be verified with volumetric measures. In future, extraction algorithms may be more often applied in clinical practice, as few algorithms (e.g. Lesion TOADS 68 ) have been validated for patients with multiple sclerosis. Due to differing pathological mechanisms underlying multiple sclerosis and age-related WMH, a specification of the algorithms is necessary for its valid extraction in future.
Another limitation refers to the small number of individuals classified as Fazekas 3. As participation was voluntary, a selection bias cannot be completely ruled out. Handicapped persons suffering from severe mental or physical impairment may not have participated in the study, but also limited time capacity or the nursing of a spouse may have prevented successfully aged elderly from study participation. Accordingly, the distribution of individuals to Fazekas groups may thus be representative for the general population, cf.
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Given this statistically unideal differences sample size, combined with distribution characteristics of some cognitive outcomes that do not match requirements for parametric testing, non-parametric statistics can be regarded as best-practice. Additionally, we included Hedges g* as an effect size measure as it adjusts for differences in sample size and adds valuable information about the relevance of group differences in cognition beyond p-values.
The interplay between Alzheimer's disease and small vessel disease pathological processes is discussed in the literature. 69, 70 Based on the medical history of all individuals, no participant was previously diagnosed with Alzheimer's disease or other types of dementia. The detailed examination of the cognitive profiles of the Fazekas 3 individuals ( Figure 5 , Table S4) revealed that no person showed cognitive deficits indicative for (prodromal) Alzheimer's disease, or had a selective amnestic cognitive impairment prototypical to prodromal Alzheimer's disease. Additionally, we compared the hippocampal volumes of the Fazekas 3 group to randomly selected age, sex and education matched controls from Fazekas groups 0, 1 and 2. Mean hippocampal volumes did not differ significantly between Fazekas groups (F(3,60) ¼ 0.38, p > 0.05), indicating that the Fazekas 3 group does not show larger hippocampal atrophy compared to the other groups. Thus, prodromal Alzheimer's disease may not be a confounding factor in this sample.
Regarding the validity of neuropsychological measures, ceiling effects are an issue to be discussed. Most participants maximally scored on Boston Naming Test and the CERADplus visuoconstruction task. Because of the low response variability, slight differences in absolute test scores result in major differences in the z-transformed scores. Thus, slight differences in verbal and visuoconstructive abilities may be overemphasized under these conditions. Finally, the DEX was used to evaluate domain-specific subjective cognitive impairment. The underlying factor structure is strongly debated, and it may have different subscales. As instruments systematically assessing domain-specific subjective impairment are still underdeveloped, items of the DEX were grouped to the DSM-5 cognitive domains, based on their content. Considering, that DEX is assessing dysexecutive symptoms, executive functions are over-represented, while other domains (e.g. language) are only poorly represented. More research is needed to improve available tools and construct new instruments for the reliable assessment of subjective complaints on the domain-level.
Conclusions
In conclusion, the study shows that cognitive impairment and subjective impairment are associated with severe WMH, while small und moderate WMH hardly affect cognition. This study is the first to fully investigate the cognitive profile and to include social cognition changes associated with different stages of WMH in a population-based study. Processing speed, memory and social cognition were predominantly impaired at progressed stages of white matter damage. However, at an individual level, the cognitive spectrum associated with large WMH burden is widespread as it ranges from cognitive functioning on a normal level to impairment as severe as major NCD. The role of lesion volume and lesion location on the cognitive profile in WMH will be subject of future investigation. By disentangling WMHs' whole neuropsychological profile, our study suggests that new diagnostic and therapeutic approaches for this disease in the future.
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